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INVESTIGATION OF TEMPERATURE AND CONCENTRATION 
OSCILLATIONS I N  THE DIRECTIONAL SOLIDIFICATION 
OF Pb-Sn-Te 
ABSTRACT 
D i r e c t i o n a l  s o l i d i f i c a t i o n  of t he  pseudobinary compound semiconductor  
material Pbl,xSnxTe by t h e  Bridgman crystal  growth p rocess  w i l l  be s t u d i e d .  
Na tu ra l  convec t ion  i n  the  molten sample w i l l  be v i s u a l i z e d  wi th  a novel  elec- 
t rochemica l  ce l l  t echn ique  that  employs t h e  so l id  e l e c t r o l y t e  material y t t r ia -  
s t a b i l i z e d  z i r c o n i a .  Mass t r a n s f e r  by both  d i f f u s i o n  and convec t ion  w i l l  be 
measured by d e t e c t i n g  t h e  motion of oxygen t r a c e r  i n  t h e  l i q u i d .  Add i t iona l  
a p p l i c a t i o n s  f o r  e l ec t rochemica l  c e l l s  i n  semiconductor  c rys t a l  growth are 
sugges ted .  Unsteady convect ion i n  the  melt w i l l  a lso b e  d e t e c t e d  by t h e  
appearance of tempera ture  o s c i l l a t i o n s .  The purpose of t h i s  s t u d y  is t o  
expe r imen ta l ly  c h a r a c t e r i z e  t h e  o v e r s t a b l e  c o n d i t i o n s  f o r  a Pbl-xSnxTe melt i n  
t h e  v e r t i c a l  Bridgman c r y s t a l  growth t echn ique  and use  a l i n e a r  a n a l y s i s  t o  
p r e d i c t  t h e  o n s e t  of convec t ion  f o r  t h i s  system. 
i 
Pro j e c t  D e s c r i p t i o n  
1 .  INTRODUCTION 
Elemental  semiconductor  m a t e r i a l s ,  e s p e c i a l l y  s i l i c o n ,  are well under- 
stood and allow r e l a t i v e l y  easy process ing ,  and w i l l  t h e r e f o r e  c o n t i n u e  t o  be  
dominant i n  e l e c t r o n i c  sys tems i n  t h e  f o r e s e e a b l e  f u t u r e .  They s u f f e r  from 
c e r t a i n  i n h e r e n t  l i m i t a t i o n s ,  however; c h i e f l y  because their e l emen ta l  n a t u r e  
does n o t  allow much freedom of  choice i n  c o n s t r u c t i n g  semiconductor  dev ices .  
An obvious  s t e p  toward g r e a t e r  freedom is the  use  of compound semiconductor  
materials, where the  d e s i r e d  p r o p e r t i e s  can be  a t t a i n e d  by f i x i n g  the  composi- 
t i o n  of the  material. One such compound semiconductor is lead t i n  t e l lu r ide  
(Pbl-xSnxTe), a d i rec t  bandgap material t ha t  is used as a n  i n f r a r e d  d e t e c t o r  
and emitter (laser or  LED).  The desirable f e a t u r e s  of PblmxSnXTe are its 
narrow bandgap, which g i v e s  a l o n g  wavelength (2.5 t o  28 micrometers), and its 
wavelength t u n a b i l i t y ,  which is achieved e i ther  i n t e r n a l l y  by va ry ing  t h e  
Composition ( t h e  v a l u e  of x)  or e x t e r n a l l y  by va ry ing  the  t empera tu re ,  
p r e s s u r e ,  or a p p l i e d  magnet ic  f i e l d .  ('I Both f e a t u r e s  are impor tan t  i n  high 
r e s o l u t i o n  spec t roscopy  ( s p e c i f i c a l l y ,  a tmospher ic  m o n i t o r i n g ) ,  which is one  
a p p l i c a t i o n  of t h i s  compound semiconductor material. 
Pbl-xSnxTe c r y s t a l s  are commonly grown by a v a r i a t i o n  of t h e  Bridgman 
t echn ique  i n  which a mol ten  sample i n  a c y l i n d r i c a l  ampoule is d i r e c t i o n a l l y  
s o l i d i f i e d  by moving the  ampoule i n  its a x i a l  d i r e c t i o n  through a t empera tu re  
g r a d i e n t .  T y p i c a l l y ,  t he  d i r e c t i o n  of motion is v e r t i c a l  which allows t h e  
choice of whether t h e  ho t te r  end of t he  tempera ture  g r a d i e n t  w i l l  be  a t  t he  
top  or a t  the  bottom of t h e  sample.  The tempera ture  g r a d i e n t  is produced w i t h  
a three-zone fu rnace :  a hot (above the  me l t ing  p o i n t )  zone and a cold (below 
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the melting point) zone separated by an insulated zone that makes the tempera- 
ture gradient more linear. 
It is convenient to consider Pbl-xSnxTe as a pseudobinary solution of the 
compounds PbTe and SnTe. The phase diagram(*) shows that at all temperatures 
and compositions the liquid has a higher concentration of SnTe than the 
solid. During solidification the liquid will gradually become richer in SnTe 
as the PbTe freezes preferentially into the solid. The concentration profile 
in the solid after directional solidification will be somewhere between two 
limiting cases. The first case is the most common; it is when composition 
redistribution in the liquid melt, due chiefly to convection, occurs faster 
than solidification, and any concentration change at the liquid-solid inter- 
face quickly affects the entire liquid. The liquid is considered to be fully 
mixed at all times, and the resulting solid composition is expressed by the 
normal freezing equation 
C = kCo(l k- 1 - g) 
where C is the concentration in the solid of one component of the solution, Co 
is the concentration in the sample before freezing begins, g is the fraction 
Of the sample solidified and k is the segregation coefficient, that is, the 
ratio of the concentration in the solid to the concentration in the liquid at 
the interface. (3) In Pbl-,Sn,Te the segregation coefficient is nearly 
constant. The normal freezing case is shown graphically in Figure 1 .  The. 
other, more unusual limiting case occurs when there is no convection in the 
liquid and composition redistribution is by diffusion only. This case has 
been examined by Tiller, et al., ( 4 )  and is shown graphically in Figure 2. 
Most directionally solidified samples follow closely the first case but it 
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would be p r e f e r a b l e  i f  t h e  second c a s e  could  be  achieved .  Most of t h e  
r e s u l t i n g  s o l i d  would then  be of a cons t an t  composi t ion and would t h e r e f o r e  be 
more easi ly  used f o r  mass product ion of semiconductor dev ices .  
To ach ieve  the  second case, where composi t ion d i s t r i b u t i o n  is by d i f f u -  
s i o n  o n l y ,  convec t ion  i n  t h e  l i q u i d  m u s t  be s q p r e s s e d ,  and  this  r e q u i r e s  an 
unders tanding  of  t h e  f o r c e s  t h a t  d r i v e  convec t ion .  The s t r o n g e s t  d r i v i n g  
f o r c e  f o r  convec t ion  is g r a v i t y  a c t i n g  on d e n s i t y  g r a d i e n t s  i n  t h e  molten 
material. t he rma l ly  and 
s o l u t a l l y .  Thermal d e n s i t y  g rad ien t s  occur  because t h e  d e n s i t y  of  t h e  l i q u i d  
decreases wi th  i n c r e a s i n g  temperature ,  so  t h e  tempera ture  g r a d i e n t  used i n  
Bridgman c r y s t a l  growth causes  a d e n s i t y  g r a d i e n t .  If t h e  bottom of  t h e  
sample is hotter t h a n  the t o p ,  g r a v i t y  opposes t h e  d e n s i t y  g r a d i e n t ,  the  
l i q u i d  is t h e r m a l l y  u n s t a b l e  and convect ion occur s .  S o l u t a l  d e n s i t y  g r a d i e n t s  
occur  because t h e  d e n s i t y  of the l i q u i d  decreases w i t h  i n c r e a s i n g  SnTe concen- 
t r a t i o n .  As the sample f r e e z e s ,  t h e  l i q u i d  a d j a c e n t  to  t h e  l i q u i d - s o l i d  
i n t e r f a c e  becomes r icher i n  SnTe and t h e r e f o r e  less  dense.  If t h e  i n t e r f a c e  
Dens i ty  g r a d i e n t s  i n  Pb,-xSnxTe arise i n  two ways: 
is a t  t h e  bottom of the  l i q u i d ,  g r a v i t y  opposes t h e  d e n s i t y  g r a d i e n t ,  t h e  
l i q u i d  is s o l u t a l l y  u n s t a b l e  and convect ion occur s .  The d i r e c t i o n s  of thermal 
and s o l u t a l  i n s t a b i l i t y  oppose one a n o t h e r ,  so convec t ion  occurs whether the  
sample is hotter a t  t h e  t o p  or a t  t h e  bottom. (5) It is hoped t h a t  both  con- 
v e c t i v e  f o r c e s  would be g r e a t l y  diminished when c r y s t a l  growth is performed i n  
t h e  mic rograv i ty  environment of space.  To t h i s  end, crystal  growth expe r i -  
ments are be ing  performed both on t h e  ground and i n  space. Ground-based 
exper iments  have e x h i b i t e d  normal ( convec t ive )  f r e e z i n g ,  while  space-based 
exper iments  have s o  f a r  been inconclus ive .  
The preceding  q u a l i t a t i v e  d e s c r i p t i o n  can be  r e p l a c e d  w i t h  a more quant i -  
t a t i v e  unde r s t and ing  by a p p l i c a t i o n  of theo ry  and by c a r e f u l  expe r imen ta l  
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measurement. The d i f f e r e n t i a l  equat ions  tha t  are used t o  model f l u i d  f low are  
w e l l  known and cases of l i q u i d  convect ion similar t o  Bridgman crystal  growth 
have been d i scussed  i n  t he  l i t e ra ture ;  ( 6 )  however, a n a l y t i c  s o l u t i o n s  t o  the  
f l u i d  flow equa t ions  have no t  been p o s s i b l e  wi thout  e x c e s s i v e l y  s i m p l i f y i n g  
assumptions.  Curren t  r e s e a r c h  inc ludes  n m e r i c a l  approaches t o  mathematical 
model l ing  of convec t ion  i n  the  The accuracy of  an  a n a l y t i c  or 
numeric mathematical  model is judged by comparison w i t h  expe r imen ta l  
r e s u l t s .  Much of t h e  exper imenta l  work is l i m i t e d  t o  post-growth a n a l y s i s  o f  
t he  r e s u l t i n g  s o l i d  sample,  which i n c l u d e s  chemical e t c h i n g  to  r e v e a l  t h e  
shape and p o s i t i o n  of the  s o l i d - l i q u i d  i n t e r f a c e  du r ing  growth, measurement of 
t h e  so l id  composi t ion by e l e c t r o n  microprobe a n a l y s i s ,  and X-ray d i f f r a c t i o n  
s t u d i e s  t o  de te rmine  the  o r i e n t a t i o n  and q u a l i t y  of  t h e  c r y s t a l s .  Measurement 
of  convec t ion  du r ing  growth has u n t i l  now been l i m i t e d  t o  the use  of thermo- 
coup les  t o  fo l low changes and o s c i l l a t i o n s  i n  t h e  l i q u i d  tempera tures .  ( 5 )  
I n  compound semiconductors  the q u a l i t y  of  t h e  f i n a l  material is ve ry  
dependent on composi t ion v a r i a t i o n s  i n  the  molten sample du r ing  c r y s t a l  
growth. It is proposed t h a t  convect ion du r ing  Bridgman crystal  growth be 
monitored wi th  thermocouple and e lec t rochemica l  c o n c e n t r a t i o n  ce l l s .  It is 
hoped t h a t  data from these measurements could  be used t o  f o l l o w  convect ion  
flow p a t t e r n s  i n  t h e  l i q u i d .  The fo rmula t ion  of t h e  a n a l y t i c a l  problem is 
f i rs t  p resen ted .  The exper imenta l  p rogress  t o  date and proposed work is t h e n  
summarized. 
2. FORMULATION OF ANALYTICAL PROBLEM 
The system t h a t  w i l l  be  analyzed is shown i n  F igure  3. The f o l l o w i n g  
assumptions w i l l  be made i n  t h i s  s tudy:  
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1 )  t h e  g a s  phase is i n v i s c i d  and the  l i q u i d  phase  is a b i n a r y  Newtonian 
f l u i d ,  
2 )  v i scous  d i s s i p a t i o n  is n e g l i g i b l e ,  
3) d e n s i t y  is a l i n e a r  func t ion  of tempera ture  and c o n c e n t r a t i o n ,  
4 )  
5)  
6 )  
7)  heat flow is 1-dimensional i n  t h e  a x i a l  d i r e c t i o n ,  and 
t h e  surface t e n s i o n  is s u f f i c i e n t l y  h igh  to  assume a f l a t  i n t e r f a c e ,  
morphological  s tabi l i t ies  w i l l  n o t  be cons ide red ,  
t h e  t empera tu re  and v e l o c i t y  f i e lds  are axisymmetr ic ,  
8)  Marangoni convec t ion  can be neg lec t ed .  
The las t  three assumpt ions  are e s p e c i a l l y  impor t an t .  The a n a l y s i s  of 
Schliiter, L O r t Z ,  and B ~ s s e ( ~ )  p r e d i c t  t h a t  2-dimensional r o l l s  are t h e  o n l y  
stable c o n f i g u r a t i o n  for  buoyancy-driven convec t ion  i n  a n  i n f i n i t e  layer  of 
f l u i d  w i t h  t empera tu re  independent  p r o p e r t i e s .  Also, Hoard, Robertson,  and 
Acr i vos (’O) observed  a symmetric roll p a t t e r n  f o r  deep l a y e r s  o f  f l u i d  wi th  
h i g h l y  t empera tu re  dependent v i s c o s i t y .  Thus, i t  appea r s  l i k e l y  t h a t  flow 
w i l l  deve lop  i n  an  ax isymmetr ic  manner. 
One-dimensional heat flow is necessary  f o r  o b t a i n i n g  a p o s s i b l e  conduc- 
t i v e  s t a t e  wi thou t  radial  g r a d i e n t s  a t  t h e  i n t e r f a c e .  Seve ra l  s t e p s  have been 
taken  t o  ensu re  a x i a l  heat flow: a l a r g e  t h i c k n e s s  of S h u t t l e  t i l e  i n s u l a t i o n  
is used between t h e  thermal zones of the  fu rnace  (Fu and W i l c o x ( ’ l ) ) ,  i n s u l a -  
t i o n  has been added t o  t h e  sidewalls of t h e  q u a r t z  t o  c u t  down on rad ia l  heat 
t r a n s f e r ,  and e f for t s  have been made t o  ex tend  the  c o n s t a n t  g r a d i e n t  zone and 
decrease t h e  rad ia l  heat f l u x  from the  hot zone t o  t h e  end of t h e  sample .  
L a s t l y ,  Marangoni e f fec ts  on E a r t h  are g e n e r a l l y  dominated by buoyancy 
effects ,  excep t  for ve ry  t h i n  l a y e r s ,  and can b e  n e g l e c t e d  comple te ly  f o r  t h e  
hot on t o p  case. 
Motion 
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0-v = 0 
c F’ + v2v -- Ra - RaS ’ a’ + V-VV = -Vp + - T F + -
Pr at Pr sc 
2 -- Pr aT + Pr (v-VT) = v T 
sc at 
- 3C + Sc (A-VC) = V 2 C 
a t  
(3) 
( 4 )  
(5) 
V, C, and T are the velocity, concentration, and temperature field. F is a 
unit force in the direction of gravity and t is time. These equations have 
been obtained by using the following characteristic variables: 
v = V ’ W V  
P = P‘L 2 / ( P C p L  2 
c = (C’-C2)/(C,-C2) 
T = (T’-T2)/(T,-T2) 
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2 t = t 'D/L 
where primed v a r i a b l e s  are dimensional  and T1 and T2 are t empera tu re  a t  t h e  
t o p  and bottom s u r f a c e s ,  r e s p e c t i v e l y .  
Care should  b e  t aken  i n  choosing t h e  character is t ic  v a r i a b l e s .  For 
i n s t a n c e ,  t he  Pr/Sc term tha t  preceeds t h e  time d e r i v a t i v e  i n  eqn. ( 4 )  is 
approximate ly  0.004 (Prz .1 ,  Scz25). A s  a r e s u l t ,  almost a l l  o f  t h e  time 
dependence of the  t empera tu re  f i e l d  is s u p p l i e d  by t h e  i n t e r r e l a t e d  motion (3) 
and s p e c i e s  (5)  equa t ions .  Thus, one could  i n f e r  t h a t  t h e  t empera tu re  f i e l d  
and c o n c e n t r a t i o n  w i l l  be kep t  " i n  phase ,"  w i t h  t he  f l u c t u a t i o n s  i n  tempera- 
t u r e  fo l lowing  c l o s e l y  those of concen t r a t ion .  If t h e  time had been scaled 
w i t h  thermal d i f f u s i t y ,  though, the  Pr/Sc term i n  eqn. ( 4 )  would n o t  have 
appeared  and t h e  above r e l a t i o n s h i p  would have gene unnot iced .  I n s t e a d ,  a 
Sc/Pr term would have preceeded a C / a t  w i t h  r e l a t i v e l y  l i t t l e  i n s i g h t  ga ined .  
The purpose of t h i s  s t u d y  w i l l  be to use  Green 's  f u n c t i o n s  i n  order t o  s o l v e  
t h e  problem i n  the form of an  i n t e g r a l  equa t ion .  
3. EXPERIMENTAL DETERMINATION OF TEMPERATURE OSCILLATIONS 
The ampoule used i n  these experiments  is a v e r t i c a l  c i r c u l a r  c y l i n d e r  of 
fused  s i l i c a  ( q u a r t z ) .  Pre l iminary  f u r n a c e  experiments  have been r u n  wi th  
molten t i n  as the f l u i d  phase i n  a d e s t a b i l i z i n g  tempera ture  g r a d i e n t .  A 
small amount of p u r i f i e d  a rgon  is  t r i c k l e d  through the  ce l l  t o  p reven t  contam- 
i n a t i o n  of t he  t i n  with oxygen. I n s u l a t i o n  is p laced  on the o u t s i d e  wall of 
the  c e l l  i n  order t o  r educe  radial tempera ture  g r a d i e n t s .  C o t r o n i c s  ceramic 
board is used t o  make i n s u l a t i n g  space r s  t h a t  hold t h e  C o t r o n i c s  i n s u l a t i o n  
b l a n k e t  i n  p l ace .  The i n s u l a t i n g  board and b l anke t  have thermal conduc t iv i -  
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t i e s  of 3.28 X cal/°C-cm-sec and 4.83 x cal/°C-cm-sec, 
r e s p e c t i v e l y .  The q u a r t z ,  on the o t h e r  hand, has a much h ighe r  thermal con- 
d u c t i v i t y  of 7.75 x cal/°C-cm-sec. Fur thermore ,  t h e  c e l l  is p laced  i n  
t h e  S h u t t l e  t i l e  ( k  = 3.90 x lo-' cal/°C-cm-sec) i n s u l a t i o n  zone of t h e  f u r -  
nace.  Heat flow is made more 1-dimensional i n  t h i s  zone due t o  t h e  l o n g  
i n s u l a t i o n  zone (65  mm or 8R). F i n a l l y ,  i s o t h e r m a l  heat p i p e s  are used i n  t he  
h e a t i n g  zones of t h e  f u r n a c e  to  reduce t empera tu re  r o l l  off a t  the  S h u t t l e  
t i le-heater block boundary. Reducing t h i s  r o l l  o f f  l e n g t h e n s  t h e  c o n s t a n t  
g r a d i e n t  r e g i o n  which r e d u c e s  t h e  inward heat f l u x  from t h e  h o t  zone i n t o  t h e  
s ide of t h e  ce l l  (Rouzaud, Camel, and F a v i e r ) .  ( I 2 )  The combinat ion of  these 
three effects  shou ld  e n s u r e  a x i a l  heat  flow through the  c e l l .  
Chromel-alumel ( t y p e  K) thermocouples are p laced  between the q u a r t z  wall 
and t h e  i n s u l a t i o n  b l a n k e t  a t  one  cm i n t e r v a l s  i n  t h e  v e r t i c a l  d i r e c t i o n .  The 
thermocouples  are used  t o  measure temperature ,  t h e  t empera tu re  g r a d i e n t  i n  t h e  
melt, and to  detect tempera ture  f l u c t u a t i o n s  (hence ,  uns teady  convec t ion ) .  
The t empera tu res  are recorded a t  5-minute i n t e r v a l s  and one of t h e  channe l s  is 
monitored by a Data 6000 r e c o r d i n g  waveform a n a l y z e r  a t  2-second i n t e r v a l s .  
An FFT can be r u n  on t h e  data 
The thermal g r a d i e n t  is slowly i n c r e a s e d  u n t i l  t h e  tempera ture  f l u c t u a -  
t i o n s  appear  on t h e  Data 6000. When o s c i l l a t i o n s  are detected, t h e  Rayle igh  
number is c a l c u l a t e d .  The tempera tures  used i n  these c a l c u l a t i o n s  have n o t  
y e t  been c o r r e c t e d  for the  temperature  drop  tha t  is caused by the  q u a r t z  wall 
(p robab ly  on t h e  order of IOo). Since t h e  r e l e v a n t  p h y s i c a l  p r o p e r t i e s  o f  t i n  
have a weak t empera tu re  dependence f o r  T > 26OOC and the  g r a d i e n t  measured i n  
t h i s  way shou ld  be close to  t h e  value i n s i d e  t h e  t u b e ,  t h e  va lue  c a l c u l a t e d  
f o r  t h e  Rayleigh number should  be  a r e a s o n a b l e  approximat ion .  Cri t ical  Ray- 
l e i g h  numbers (Rac2) c a l c u l a t e d  for  AR = 3.15 and AR = 5.0 are approximate ly  
135,000 and 220,000 r e s p e c t i v e l y .  
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F u r t h e r  experiments  w i l l  involve  t a k i n g  t empera tu re  measurements from a 
Pb gSn,2Te crystal  growth system t o  de te rmine  RaC2 and RasC2= This data w i l l  
be used t o  q u a l i t a t i v e l y  v e r i f y  results from t h e  t h e o r e t i c a l  a n a l y s i s .  Other 
impor tan t  experiments  would inc lude  de te rmining  t h e  d e n s i t y  change o f  LTT upon 
f r e e z i n g  ( E  = 1 - p / p L )  and determining t h e  e x t e n t  of t h e  radial  t empera tu re  
g r a d i e n t .  The importance of radial g r a d i e n t s  has been d i s c u s s e d  p rev ious ly .  
One method of measuring a T / a r  w i l l  be t o  p l a c e  a thermocouple i n  a c a p i l l a r y  
tube  i n  the midd le  of t he  t i n  cell a t  t h e  same ax ia l  p o s i t i o n  as a thermo- 
couple  p laced  on t h e  side of  t h e  c e l l .  This  ce l l  w i l l  be heated from above, 
s i n c e  t h e  o n s e t  of  axisymmetr ic  convect ion i n  the  the rma l ly  u n s t a b l e  case 
would produce a mis l ead ing  r a d i a l  g rad ien t .  
S 
If E is s u f f i c i e n t l y  l a r g e  (say g r e a t e r  t h a n  .05), it  can be  an  impor tan t  
cause  of convec t ion .  Thus, i t  is necessary  t o  measure accurately t o  de te rmine  
whether  or n o t  t o  i n c l u d e  t h i s  e f f e c t  i n  f u t u r e  models. One proposed method 
of  measuring E i nvo lves  u s i n g  a l a s e r  t o  m a r k  t h e  s o l i d - l i q u i d  i n t e r f a c e  i n  a 
see- through f u r n a c e  and r eco rd ing  the  movement w i t h  a VCR camera. 
4 .  EXPERIMENTAL DETERMINATION OF CONCENTRATION OSCILLATIONS 
The e l ec t rochemica l  cel ls  use  a s o l i d  e l e c t r o l y t e  technique  t h a t  has been 
a p p l i e d  i n  a v a r i e t y  
e l e c t r o l y t e  has been 
dopants  such a calcia  
of thermodynamic s t u d i e s .  ( 1 3 )  The most popular  s o l i d  
z i r c o n i a  (Zr02)  s t a b i l i z e d  by the  a d d i t i o n  of  ox ide  
(CaO), magnesia (MgO), or y t t r i a  (Y2O3). These dopants  
c r e a t e  an ion  vacanc ie s  i n  t h e  z i r c o n i a  l a t t i ce  and a t  s u f f i c i e n t l y  h igh  
t empera tu res  (>6OO0C) oxygen an ions  (02-) can move through t h e  e l e c t r o l y t e  by 
m i g r a t i n g  from vacancy t o  vacancy, w h i l e  z i r c o n i a ' s  low p o r o s i t y  p reven t s  t he  
t r a n s f e r  of o t h e r  species. ( 1 4 )  Y t t r i a - s t a b i l i z e d  z i r c o n i a  ( Y S Z )  has  been 
1 0  
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chosen f o r  the  proposed experiments because of i ts  a v a i l a b i l i t y  and i ts  low 
e l e c t r o n i c  c o n d u c t i v i t y .  (15)  
The i o n i c  c o n d u c t i v i t y  of the  YSZ s o l i d  e l e c t r o l y t e  can  b e  used i n  an 
e l ec t rochemica l  ce l l  t o  measure t h e  thermodynamic a c t i v i t y  of oxygen i n  l i q u i d  
Pbl-xSnxTe. The c e l l  is rep resen ted  by 
M ( s ) , M m O ( s )  I Y S Z  I Pb,-xSnxTe(l ),cOl, 
r e f e r e n c e  e l e c t r o d e  sample e l e c t r o d e  
where M and QO r e p r e s e n t  a meta l  and its ox ide  f o r  which t h e  G i b b ' s  free 
energy of format ion ,  A G f o ( M  01, is  a c c u r a t e l y  known. The p a r t i a l  p r e s s u r e  of 
oxygen on t h e  r e f e r e n c e  s ie  of  the e l e c t r o l y t e ,  P ( 0 2 ) ( r e f e r e n c e ) ,  is known 
from t h e  equ i l ib r ium r e l a t i o n s h i p  
m 
(7)  A G f o ( M m O )  = RT In P(02 ,  r e f e r e n c e )  1 / 2  , 
where R is t h e  gas c o n s t a n t ,  T i s  t h e  a b s o l u t e  t empera tu re ,  and t h e  p a r t i a l  
p r e s s u r e  is measured i n  atmospheres.  I n  eq. 6 ,  C03 r e p r e s e n t s  a tomic  oxygen 
d i s s o l v e d  i n  t he  l i q u i d  Pbl,xSnxTe sample; its thermodynamic a c t i v i t y  is 
ao(samp1e) .  The Nernst  equa t ion  relates t h e  thermodynamic p r o p e r t i e s  of  t h e  
- 
cel l  t o  t h e  p o t e n t i a l ,  E ,  t h a t  can be measured a c r o s s  the cel l :  
( P ( 0 2 ,  r e f e r e n c e )  1 / 2  
RT E = - l n  2F 1 /2  9 a ( sample) .  0 
(8) 
F r e p r e s e n t i n g  t h e  Faraday c o n s t a n t .  ( I 6 )  
o b t a i n  
Equat ions 7 and 8 can be  combined t o  
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E = ( 1  /2F) LAGf (M,O) - RT I n  ao ( sample ) l .  ( 9 )  
Since  ao(sample) is a f u n c t i o n  o f  t h e  oxygen c o n c e n t r a t i o n  i n  t h e  l i q u i d ,  the  
measured c e l l  p o t e n t i a l  r e v e a l s  t h e  oxygen concen t r a t ion .  The meaning of eq .  
9 can a l s o  be r eve r sed :  an araitrary p o t e n t i a l  a p p l i e d  a c r o s s  t he  e l e c t r o -  
chemical ce l l  w i l l  pump oxygen ions  through the e l e c t r o l y t e  u n t i l  a n  e q u i l i -  
b r ium is reached ,  w i t h  the oxygen a c t i v i t y  and c o n c e n t r a t i o n  i n  t he  sample 
cor responding  t o  t he  a p p l i e d  p o t e n t i a l .  If t h e  ce l l  and t h e  a p p l i e d  p o t e n t i a l  
are i n  a series c i r c u i t ,  t h e  number of i o n s  t r a n s f e r r e d  through the electro- 
l y t e  can be found by measuring the number o f  e l e c t r o n s  t h a t  t r a v e l  th rough t h e  
c i r c u i t ;  t h a t  is, by measuring the  cu r ren t  i n  t h e  c i r c u i t .  ( 1 7 9 1 8 )  This is t h e  
e l ec t rochemica l  t i t r a t i o n  technique .  It is proposed t h a t  oxygen be used as  a 
t r a c e r  element i n  a Pbl,xSnxTe sample; t h a t  t h e  tracer be added t o  t he  sample 
by t i t r a t i o n  w i t h  one ce l l  and de tec t ed  by a second ce l l .  The response  a t  t h e  
d e t e c t i o n  ce l l  t o  an inpu t  a t  the t i t r a t i o n  cell  as a f u n c t i o n  of  time w i l l  
then  r e v e a l  t h e  n a t u r e  o f  the convec t ive  f low i n  t h e  sample between t h e  two 
c e l l s .  
The s o l u b i l i t y  of oxygen i n  Pbl-xSnxTe is f i n i t e  and i f  i t  is  exceeded 
t h e  e lements  i n  the  sample begin t o  form oxides .  The first oxide  t o  form is 
the  one wi th  the lowes t  A G f o ,  t in(1V) ox ide  (Sn02).  Once t h e  ox ide  i s  formed 
t h e  a c t i v i t y  and the  p a r t i a l  pressure o f  oxygen i n  t h e  sample e l e c t r o d e  are 
f i x e d  by t h e  e q u i l i b r i u m  of  t he  r e a c t i o n  
1 2  
Equat ion 4 can a l s o  be w r i t t e n  as  
1 /2  p (o2 ,  r e f e r e n c e )  
1/2 ’ E = -  RT I n  2F P ( o ~ ,  sample)  
(11  1 
and eq. 10 and 11 combined form 
E = (1/2F)[AGfo(MmO) - 1/2  AGfo(Sn02) + 1/2RT I n  aSn]. (12 )  
Thus the c e l l  p o t e n t i a l  i n  t h i s  case can be related t o  the a c t i v i t y  and hence 
t h e  c o n c e n t r a t i o n  of  t i n  i n  t he  Pbl-xSnxTe sample. Composition p r o f i l e s  are 
measured i n  sol id  samples after crystal growth; the e l ec t rochemica l  c e l l  can 
provide  data on t h e  l i q u i d  composition d u r i n g  growth. 
An impor tan t  part  of the p repa ra to ry  work f o r  t h e  proposed exper iments  
has been t h e  s e l e c t i o n  of t h e  m a t e r i a l s  t h a t  w i l l  be used i n  t h e  e l e c t r o -  
chemical ce l l s .  An e a r l y  cho ice  was t he  chemical sys t em t o  be used as the  
r e f e r e n c e  e l e c t r o d e .  Gas e l e c t r o d e s  ( a i r ,  02, o r  a gas mixture)  are commonly 
used i n  s o l i d  e l e c t r o l y t e  e l ec t rochemica l  c e l l s ,  ( 1 3 * 1 7 )  . but  were i n  t h i s  case 
rejected because of  t h e  d i f f i c u l t y  involved  i n  keeping t h e  molten l i q u i d  
sample e l e c t r o d e  separate from t h e  gas r e f e r e n c e  e l e c t r o d e .  A s o l i d  r e f e r e n c e  
electrode can be more eas i ly  assembled and sealed, so t h e  i n i t i a l  cho ice  f o r  
t h e  r e f e r e n c e  e l e c t r o d e  was t h e  of ten-used n i cke l -n i cke l  ox ide  ( N i - N i O )  
system. (19-22) T h i s  sytem is well-def ined thermodynamically and has a p a r t i a l  
p r e s s u r e  of oxygen r e l a t i v e l y  near  t h a t  expected i n  the  sample e l e c t r o d e ,  
which p r e v e n t s  e x c e s s i v e  o x i d a t i o n  of t h e  sample.  (23)  However, t h e  r e s i s t a n c e  
of t h e  N i - N i O  system t o  e lec t r ic  cu r ren t  and oxygen t r a n s f e r ,  which leads t o  
e r r o r  i n  t h e  c e l l  p o t e n t i a l  measurement, is more than  is d e s i r e d  and t h e  
copper-copper ( I )  oxide  system (Cu-Cu20) is be ing  cons idered  as an a l t e r n a -  
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t i v e .  (24-25) The nex t  cho ice  was the  material fo r  the  e lec t r ica l  c o n t a c t s  
from each e l e c t r o d e  t o  the  measuring in s t rumen t s .  It is e s s e n t i a l  t h a t  the 
c o n t a c t  materials and the e l e c t r o d e s  be s u f f i c i e n t l y  i n e r t  towards each other 
for  long  p e r i o d s  of time a t  h i g h  tempera tures .  Experiments have shown that  
t u n g s t e n  wire caq be used i n  both l i q u i d  t i n  and i n  N i - N i O ,  while the best 
c o n t a c t  material f o r  Pbl,xSn,Te appears  t o  be g r a p h i t e .  Experiments w i t h  Cu- 
Cu20 have no t  y e t  been conducted.  The accu racy  and e f f e c t i v e  lifetime of a 
ce l l  are g r e a t l y  enhanced if i t  is n o t  a l lowed t o  o x i d i z e .  To t h i s  end the 
ce l l  is sealed away from air  and is v e n t i l a t e d  wi th  a rgon  gas  which has passed  
through a th ree - s t ep  p u r i f i c a t i o n  l i n e :  first,  hydrogen is c a t a l y t i c a l l y  
reacted wi th  oxygen t o  form water, t hen  a l l  water is removed by a d e s s i c a n t ,  
and f i n a l l y  t he  remain ing  oxygen is reacted w i t h  t i t a n i u m  a t  85OoC. The 
r e s u l t i n g  argon has an  oxygen p a r t i a l  p r e s s u r e  of about  10-3~ atm. while  the 
expec ted  oxygen p a r t i a l  p r e s s u r e  of t he  e l e c t r o c h e m i c a l  c e l l  is abou t  lo-’’ 
atm. 
The proposed exper iments  r e q u i r e  two t y p e s  of electrochemical cel ls .  
F i r s t  a s i n g l e  c e l l ,  shown i n  F igure  4, w i l l  be used t o  measure the electrical  
p o t e n t i a l  (and therefore the  thermodynamic a c t i v i t y  of oxygen i n  t h e  l i q u i d )  
as a f u n c t i o n  of oxygen concen t r a t ion .  The measurement w i l l  be done by elec- 
t r o c h e m i c a l l y  removing as much oxygen as p o s s i b l e  from t h e  l i q u i d  sample,  t h e n  
t i t r a t i n g  oxygen back i n  whi le  observ ing  the  changing ce l l  p o t e n t i a l .  Once 
the  l i q u i d  is s a t u r a t e d  t h e  s o l u b i l i t y  o f  oxygen i n  t he  l i q u i d  is known. The 
r e s u l t s  from t h e  s i n g l e  ce l l  experiments form the  data base r e q u i r e d  for t h e  
convec t ion  exper iments  u s i n g  a double c e l l ,  shown i n  F igu re  5. The idea for  
the  double  cel l  arrangement is from Otsuka and Kozuka. (20) I n  t he  double  c e l l  
t h e  sample is i n  a v e r t i c a l  c y l i n d e r ,  w i t h  an  e lec t ro ly te  a t  t h e  bottom face 
t h a t  f u n c t i o n s  as an  oxygen pump cel l  and an e l e c t r o l y t e  a t  t h e  t o p  face t h a t  
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f u n c t i o n s  as an oxygen detector cel l .  Transpor t  of oxygen through t h e  l i q u i d  
sample between t h e  e lectrolytes  is measured by o b s e r v i n g  the  r e sponse  a t  t h e  
d e t e c t o r  c e l l  t o  a s t e p  or p u l s e  input  o f  oxygen a t  the  pump electrode. The 
measurement w i l l  be  made under two c o n d i t i o n s :  a n  isothermal c o n d i t i o n  where 
convec t ion  is minimal and oxygen t r a n s p o r t  is c h i e f l y  by d i f f u s i o n ,  and a 
tempera ture  g r a d i e n t  c o n d i t i o n ,  where oxygen t r a n s p o r t  i s  by d i f f u s i o n  and 
convec t ion .  The first c o n d i t i o n  w i l l  pe rmi t  the  c a l c u l a t i o n  of the d i f f u s i o n  
c o e f f i c i e n t  of oxygen i n  the l i q u i d ( 2 0 )  and t h e  second c o n d i t i o n  w i l l ,  by 
comparison to the  first c o n d i t i o n ,  r e v e a l  t h e  bulk effect  of convec t ion  i n  t h e  
l i q u i d .  
The proposed exper iments  w i l l  g ive  a thorough unde r s t and ing  of t h e  act i -  
v i t y ,  s o l u b i l i t y ,  and d i f f u s i v i t y  of oxygen i n  Pbl-xSnxTe and can form t h e  
basis for f u r t h e r  research. For example, i n  Bridgman c rys ta l  growth the  shape  
of the  s o l i d - l i q u i d  i n t e r f a c e  has a s t r o n g  effect  on the  convec t ive  flow 
p a t t e r n s  i n  t h e  l i q u i d  , ( 7 )  but  it is d i f f i c u l t  t o  d i s c o v e r  expe r imen ta l ly  t h e  
shape  of the  i n t e r f a c e .  By u s i n g  t h e  electrochemical ce l l  a s  an oxygen pump 
d u r i n g  c r y s t a l  growth, t he  l i q u i d  can be doped wi th  oxygen j u s t  l o n g  enough 
f o r  a n  oxygen-r ich l a y e r  of so l id  t o  be d e p o s i t e d  a t  t h e  i n t e r f a c e .  After 
s o l i d i f i c a t i o n  is complete  t he  oxygen i n  t h e  s o l i d  can be detected and t h e  
shape  of t he  oxygen-r ich l a y e r  w i l l  show t h e  shape  of t h e  s o l i d - l i q u i d  i n t e r -  
face. Another a p p l i c a t i o n  of e l ec t rochemica l  c e l l s  is t o  use  small ( less  t h a n  
7mm diameter) z i r c o n i a  t u b e s  as po in t  detectors of oxygen. These detectors 
are small enough to  be l o c a t e d  at v a r i o u s  s i t e s  i n  t h e  l i q u i d  t o  more 
thoroughly  map t h e  convec t ive  flow p a t t e r n s  i n  t he  sample.  There is also 
p o t e n t i a l  for  i n d u s t r i a l  a p p l i c a t i o n s  of electrochemical ce l l s ,  where they may 
be used for p r e c i s e  c o n t r o l  of t h e  c o n c e n t r a t i o n  of oxygen as a dopant i n  
semiconductor  materials. 
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It would a l s o  be very  i n t e r e s t i n g  t o  t e s t  t h e  LTT system t o  see i f  the 
tempera ture  and c o n c e n t r a t i o n  are locked " i n  phase" as t h e  governing e q u a t i o n s  
s u g g e s t .  For t h i s ,  it w i l l  be necessary  t o  measure c o n c e n t r a t i o n  as w e l l  as 
temperture. U n t i l  now, t h i s  has been d i f f i c u l t  i n  semiconductor melts. It is 
hoped t h a t  t h e  new e l ec t rochemica l  c e l l  t eckc ique  can be used t o  measure the 
c o n c e n t r a t i o n  o f  t h e  melt w h i l e  temperature  r ead ings  are be ing  made wi th  
thermocouples.  
Low g r a v i t y  crystal  growth a l s o  i n t r o d u c e s  new p o s s i b i l i t i e s  and some new 
problems. For example, c o n t a i n e r l e s s  c r y s t a l  growth is a promising method for 
space  p rocess ing .  Buoyancy-driven f low w i l l  be  e l i m i n a t e d  due to  t h e  low 
) and c r y s t a l  d e f e c t s  due t o  wall-melt i n t e r a c t i o n s  va lues  of g ( - 1 ~ - 3  
w i l l  b e  e l imina ted .  But t h e  r e s u l t i n g  g a s - l i q u i d  s u r f a c e ,  i n  t h e  p resence  of 
a t empera tu re  g r a d i e n t ,  w i l l  be s u b j e c t  t o  Marangoni convec t ion .  On the  o t h e r  
hand, i n  conven t iona l  growth w i t h  s i d e  walls, Marangoni convec t ion  w i l l  n o t  be 
a problem, but  convec t ion  may r e s u l t  from t h e  d e n s i t y  change upon f r e e z i n g .  
I f  E is l a r g e ,  there w i l l  be a n e t  f low o f  f l u i d  towards t h e  i n t e r f a c e .  This  
f low w i l l  no t  be  uniform,  due t o  the  n o - s l i p  c o n d i t i o n  a t  t h e  wall. So even 
though buoyancy is n e a r l y  e l imina ted  there are s t i l l  d r i v i n g  f o r c e s  f o r  con- 
v e c t i o n  i n  space.  Perhaps t h e  melt can be encapsu la t ed  i n  ano the r  l i q u i d  
phase.  The lower shear a t  t h e  phase boundary w i l l  a l low n e a r l y  even f l u i d  
gear t h  
flow to the  i n t e r f a c e  and there w i l l  be no free s u r f a c e  a v a i l a b l e  f o r  Maran- 
goni  convec t ion .  This  is j u s t  one example of t h e  type  of problem t h a t  may be 
i n v e s t i g a t e d  i n  t h e  f u t u r e .  
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. F i g u r e  3. Diayan o f  B r i d p a n  Tube. 
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